Abstract. Large sharks (Carcharhinidae, Sphyrnidae), in their natural environment, were attracted to low-frequency (predominantly 20 to 60 cy/sec) pulsed sounds, but apparently not to higher frequency (400 to 600 cy/sec) pulsed sounds, or to low-frequency continuous sounds. The sharks apparently detected and oriented to the sounds in the acoustic far field.
In a recent study conducted on the reefs off Miami, Florida, sharks were attracted to low-frequency pulsed sounds resembling those of struggling fish. The appearance of sharks in the vicinity of wounded or struggling fish is a phenomenon that has long been noted by fishermen and skin divers. Hobson (1) and Tester (2) have shown that olfaction plays a major role in the attraction of sharks. In some instances, however, the rapid appearance of sharks precludes the possibility that olfactory substances, which are carried at a relatively slow rate by currents, formed the initial attractive stimulus.
Because vision is limited by poor visibility underwater, and because the struggling fish is sometimes hidden from view, it appears reasonable that some form of mechanoreception is involved. The existence of the sense of hearing in sharks has been well established since the days of Parker (3) , who obtained responses from the smooth dogfish, Mustelus canis, by striking the side of the tank with a hammer. More recently, Vilstrup (4) obtained from the spiny dogfish, Acanthias vulgaris (= Squalus acanthias), conditioned responses to sound; and Moulton (5) conditioned Mustelus canis to an oscillator tone. Clark (6) succeeded in establishing instrumental conditioning in large lemon sharks, Negaprion brevirostris, and observed that they responded to a submerged bell. Dijkgraaf (7) trained dogfish, Scyliorhinus canicula, with sound and electric shock. His preliminary results indicate that perception of a 180 cy/ sec tone occurs mainly in the labyrinth. Olla (8) obtained responses from trained small hammerhead sharks at frequencies between 100 and 600 cy/sec. Kritzler and Wood (9) obtained an audiogram for a captive bull shark, Carcharhinus leucas. The shark responded to frequencies between 100 and 1500 cy/sec and was most sensitive to the band between 400 and 600 cy/sec.
With identical sound sources at three positions, they observed that the shark was able to localize the source from a distance of at least 6.5 m (10). Hobson (1) attempted to evoke responses from sharks to sounds in the field at Eniwetok Atoll. He played back recordings of various sounds through an underwater speaker when sharks were in the area and visible to observers. There was no indication that the sharks detected or responded to the sounds.
The initial phase of our study consisted of making recordings in the field to determine the frequency composition and pulse characteristics of the sounds of struggling fish. We used a Sony SRA-2, 262 D tape recorder and In the next phase of the study we played back various sounds on the reef and noted their effectiveness in attracting sharks. Three types of sounds were used: (i) low-frequency pulsed sound, consisting of white noise passed through a 60-cy/ sec, low-pass filter and pulsed with a transient-less switch; (ii) low-frequency continuous sound, similar to above but not pulsed; and (iii) high-frequency pulsed sound, for which a filter band of 400 to 600 cy/sec was used. A white noise generator of the photomultiplier type, and a SKL model 320 variable electronic filter were used. The sounds were put on tape and played back with the Sony recorder, an Eico ST40 amplifier, and a USN J9 underwater transducer.
We were interested in determining whether high or low frequencies played 976 the major role in attracting sharks. The low-frequency pulsed sound (Fig. 1B) possessed the low-frequency characteristics and the pulse rate within bursts of the field recordings of struggling fish. The high-frequency pulsed sound resembled the high-frequency portion of the sound of struggling fish. The field recordings were not played back because of a poor signal to noise ratio and because they contained both low and high frequencies.
Playback was conducted at various spots on the reefs, in water approximately 15 m deep. The transducer was suspended from the boat at a depth of about 12 m. An observer was in the water at the surface above the transducer. Visibility varied between 15 and 25 m and the bottom was usually composed of low coral and rock with patches of sand.
The sounds were played for periods of 15 minutes with the intensity being varied every 10 or 15 seconds (except for the low-frequency continuous sound). Quiet periods of similar length with the transducer and observer in the water, preceeded the playback periods.
The results (Table 1) are based on 77 observation periods which took place on 9 days in the spring of 1963. The low-frequency pulsed sound proved effective in attracting sharks to the area of the transducer where no sharks were previously seen. The low-frequency continuous sound did not attract sharks. Although two sharks were attracted to the high-frequency pulsed sound, we are not certain they responded to the high frequencies because we later found some low-frequency noise on the tape. The quiet periods indicate the number of sharks likely to enter the observation area for reasons other than attraction to the sounds.
Included among the 18 sharks sighted during the low-frequency pulsed sound periods were 9 bull sharks, Carcharhinus leucas; 2 hammerhead sharks Sphyrna sp.; 2 lemon sharks, Negaprion brevirostris; 1 tiger shark, Galeocerdo cuvieri; and 4 unidentified carcharhinid sharks. They were from 1.5 to 3 m in length. The one shark seen during the quiet periods was a nurse shark, Ginglymostoma cirratum.
The sharks sighted during the playback periods displayed certain modes of behavior which one would not expect to see if they appeared by chance alone. Initially, in nearly all instances, (14) at 20 cy/sec, the approximate low end of our transmitting system. Because the limit of visibility was usually beyond 15 m we can say that the sharks were hearing and orienting to the sounds in the far field.
The far field pressure wave of the low-frequency sound used in playback is theoretically detectable above ambient noise at about 2000 m in a calm sea. If sharks are capable of detecting pressure waves, then it is reasonable that they may respond at great distances from the source. Sharks, however, do not possess an obvious pressure detector such as a gas bladder, and it seems more likely that they would detect particle displacement. The maximum far field particle displacement of the sound used at 25 m is about 100
A. The lowest measurement of sensitivity in the lateral-line of fish is 10 A (15) . The sound we used would have a displacement of 1O A at about 250 m.
Thus, although the sharks may be in the far field, the displacements are not small enough to rule out the possibility of utilization of the lateral-line, an organ regarded by some as a near field displacement detector (13; 16 2) An optimal or exclusive response to the movement of an edge in one direction but not in the reverse (Fig. 1 ).
The sharpness of the required edge depends on the size of the receptive field: the smaller the field, the sharper the edge needed.
3) An absence of response to phasic changes of the ambient light.
4) Directional mode of response independent of: a) the intensity of the ambient light (we tried intensities up to four logarithmic units apart); b) the direction of contrast across the moving edge: the mode of response is the same for moving objects lighter or darker than the background (Fig. 1,-B, C) ; c) color, at least to the extent that this can be judged by using different combinations of colored objects and backgrounds made with colored papers and lights (we used narrow band color filters); d) the part of the receptive field in which the object moves (Fig. 1D) 
